Oocytes collected from patients following ovarian stimulation exhibit varying qualities. The quality of oocytes has an effect on its subsequent fertilization, developmental competence postfertilization and the viability of resultant embryos. The aim of this article was to review the morphological criteria devised for assessment of oocyte quality by ordinary light and polarized light microscopy before IVF or ICSI. The parameters employed in the evaluation of oocyte morphology include the appearance of: structure of the cumulus-oocyte complex, oocyte cytoplasm, perivitelline space, zona pellucida, polar body and meiotic spindle.
Introduction
The human assisted reproductive technologies (from the maturation and fertilization of oocytes in vitro to the cloning of animals) have been investigated in depth in recent decades with the resultant significant development in this area. The literature in general supports the dictum that the quality of oocytes has the greatest influence on the results of fertilization, early development and implantation of embryos. Therefore, the quality of oocytes can be the single-most the determining factor affecting fertilization of oocytes, the subsequent development of high-quality embryos and finally on the outcome of infertility treatment procedures. The aim of this article was to review the methods and criteria used for the morphological assessment of oocyte quality.
Oocyte meiotic maturation
The maturation of oocytes includes two interrelated processes: nucleus and cytoplasmic maturation. Human oocytes are arrested within ovarian follicles at the diplotene stage of the first meiotic prophase (a germinal vesicle stage). Following a surge in luteinising hormone (LH), the oocyte reinitiates meiosis. The structure of the oocyte nucleus is changed. The oocyte nuclear membrane disappears (Fan and Sun, 2004) . The microtubules become organised into a bipolar spindle and all chromosomes align at the cell equator. The oocyte continues the first meiotic division, after which the first polar body is extruded. The first polar subsequently positions itself within the periviteline space. The second meiotic division thus stops at the in metaphase II. This process is known as the maturation of the oocyte nucleus (Sun and Nagai, 2003) .
The nucleus and cytoplasm of oocyte must be mature for the oocyte to fertilize and for the successful and normal development of the resultant embryo, (Krisher, 2004; Sun and Nagai, 2003) . If the cytoplasm of oocytes is immature, the embryo will not develop normally after fertilization (Vassena et al., 2003) . At the present moment only one method is known to determine the maturity of oocyte cytoplasm. This is the observation of oocyte's fertilization and embryo development in vitro (Krisher, 2004) .
Oocytes retrieved from patients following controlled ovarian hyperstimulation show varying stages of meiotic maturity. Only oocytes at metaphase II (MII; oocytes with first polar body extrusion) are suitable for ICSI procedures. Oocytes at metaphase I (MI; first polar body not extruded) and at prophase I (showing a germinal vesicle) cannot be used for ICSI because they have the diploid chromosomal set. These oocytes are placed in the maturation medium for extrusion of first polar body and cytoplasm maturation, following which IVF and ICSI can be attempted (DeVos et al., 1999; Ebner et al., 2003; Strassburger et al., 2004) . Alternatively it has been demonstrated by Ali et al. that MI oocytes can be inseminated by SUZI or subzonal insemination to achieve fertilization soon after the oocytes mature in vitro (Ali et al.1998 ).
Numerous workers have determined the influence of various environmental factors and culture media on the maturation of the oocyte nucleus and cytoplasm in vitro by the number of fertilized oocytes and developing embryos.
The influence of oocyte quality on embryo development Sirard et al. (2006) discussed the influence of oocyte quality on the resumption of meiosis, cleavage of zygote, embryo development to blastocyst stage, the uterine implantation and birth of healthy offspring. Cytoplasmic changes, which accompany the oocyte growth, include mRNA transcription and protein synthesis (Sirard et al., 1989; Kastrop et al., 1991) . These processes are necessary for the meiotic maturation of the oocyte, activation of the zygotic genome and blastocyst formation (Barnes and First, 1989; De Sousa et al., 1998) . The oocyte is a complex cell with many organelles, each of which must be in the appropriate state of competence to enable the maturation process to take place (Trimarchi and Keefe, 2006) . Any dysfunction or dislocation of oocyte components, such as meiotic spindle, cortical granules or mitochondria, can decrease the oocyte viability and may have detrimental effects on embryo development and quality (Sun et al., 2001; Coticchioet al., 2004; Combelles and, Racowsky, 2005) .
Assessment of oocyte quality
There are two main approaches for the determination of oocyte quality which could be either invasive or non-invasive. Light and polarized light microscopy are non-invasive methods of oocyte quality determination (Cavilla et al., 2008; Ubaldi and Rienzi, 2008; Caamano et al., 2010; Coticchio et al., 2010b) . These methods are usually used for the morphological analysis of oocyte quality before IVF and ICSI. Invasive methods, such as electron, confocal and fluorescence microscopy utilize agents such fixative, dyes, etc, that are certain to damage irreversibly or negatively influence the viability of oocytes, spermatozoa and embryos Bonetti et al., 2010; Coticchio et al., 2010a,b; Vieira et al., 2010) . This review will discuss the non-invasive methods of oocyte morphology assessment.
Morphological determination of oocyte quality
The oocyte quality can be determined more specifically by evaluation of the peculiarities of the oocyte cumulus-corona-complex (OCCC) structure, oocyte cytoplasm, dimension of the periviteline space, zona pellucida, polar body and meiotic spindle on a collective basis (Wang and Sun, 2007; Rienzi et al., 2011) .
Oocyte cumulus-corona-complex
Before in vitro fertilization, the quality of oocytes is usually evaluated according to the structure of oocyte cumulus-coronacomplex (OCCC). This method is simple and gives information about the quality of the oocytes.
The OCCC collected from ovarian follicles differ in the texture and compactness of the cumulus and characteristics of oocyte cytoplasm (Fig. 1) . The evaluation of oocyte maturity has been based on the expansion of the cumulus surrounding the collected oocyte. Using this approach, embryologists may categorize oocytes as metaphase II when showing an expanded cumulus and the characteristic `sun-burst' appearance of the corona radiata. A less expanded OCCC may be suggestive of intermediate maturity while the absence of an expanded OCCC. Cavilla et al. (2008) estimated that atresia of in vitro matured human oocyte is more likely when cumulus cells are absent at the time of collection. However, maturation of oocytes did not relate to cumulus levels at collection. There was no relationship between cumulus cover and oocyte diameter at collection or quality after maturation in vitro.
Since the cytoplasm and polar body of the oocyte are not visible through cumulus cells and the correct evaluation of oocyte quality is impossible, the cumulus cells have to be removed after in vitro maturation before IVF or ICSI procedures.
The size of oocyte
Some studies have highlighted the relationship between oocyte diameter and competence for maturation and embryonic development. The diameter of the in vivo matured human oocyte is normally 110-120 µm excluding the zona pellucida. The inclusion of the zona pellucida and periviteline space increases the diameter of the pre-ovulatory oocyte to about 150 µm (Veeck,1999) .
Oocytes grow during in vitro maturation (Durinzi et al, 1995; Cavilla et al., 2008; Xu et al. 2009 ). Using the computerized image analysis system, Cavilla with co-authors (2008) measured the diameter of human oocytes before and after IVM and estimated the relationship between various diameter of oocyte and developmental competence. They estimated that in vivo matured oocytes were 112-119 µm of diameter excluding the zona pellucida. At the time collection the immature human oocytes from nonstimulated patients were smaller (106-108 µm) than immature oocytes (109-111 µm) retrieved after ovarian stimulation (P<0.001). Oocytes derived from stimulated patients grew during the IVM for 48 hours reaching a size of 112-117 µm. Oocytes collected from non-stimulated patients grew attaining a diameter of 111-113 µm. After 48 hours of IVM only oocytes that had diameters of more than >107 µm cleaved after ICSI.
Cytoplasm of oocyte
Before ICSI the cumulus cells have to be removed from the oocyte. This provides the opportunity an accurate assessment of structural features of the oocyte under the light microscope.
Human oocyte cytoplasm is classified according to the coloration, granularity (large or small granules; homogenous or clustering distribution of granules; in centre or in periphery of oocyte), size of periviteline space, and distribution of organelles (vacuoles, endoplasmic reticulum).
According to these morphological criteria, abnormalities of human oocytes are classified into: (i) extracytoplasmic abnormalities (dark zona pellucida and large periviteline space), (ii) intracytoplasmic abnormalities (dark or granular cytoplasm, clusters, vacuoles, refractile bodies (lipid bodies, small autophagic vacuoles and lipofuscin bodies) and cytoplasmic fragments), (iii) shape abnormalities, (IV) multiple abnormalities (Balaban et al., 1998; Otsuki et al., 2007; Otsuki, 2009) (Fig. 2) .
Some studies have revealed that the best uterine implantations were from embryos derived from oocytes exhibiting normal structure. Oocytes with intracytoplasmic abnormalities fertilized poorly and a high frequency of aneuploidy was found in many cells of the developing embryos (aneuploidy is defined as an abnormal number of one or more chromosomes) (Serhal et al., 1997; Xia, 1997; Balaban et al., 1998; Kahraman et al., 2000) . The oocytes with large vacuoles (>25 µm of diameter) did not develop after IVF and ICSI (Wallbutton and Kasraie, 2010) . The refractile bodies were usually associated with poor fertilization (2%) when IVF procedures were used (Veeck, 1991) . In contrast, oocytes containing refractile bodies were usually fertilized normally by ICSI (De Sutter et al., 1996; Serhal et al., 1997) . Large lipofuscin inclusions (>5 µm) were associated with significantly reduced fertilization and development rates (Otsuki et al., 2007) . The shape of oocyte does not affect fertilizability (Ebner et al., 2008) .
Periviteline space and zona pellucida
The periviteline space of human oocytes may vary in volume or size and content with the presence or absence of the granules or fragments (Xia, 1997; Hassan-Ali et al, 1998) .
Large periviteline space correlated with low fertilization rates and compromised pronuclear morphology, but had no effect on the embryo quality after ICSI (Xia, 1997; Rienzi et al., 2008) .
Oocytes, which had the large granules in the periviteline space, developed less (59%) after fertilization than those without granules (71.1%; Hassan- Ali et al, 1998) .
Using polarized light microscope Pelletier et al. (2004) estimated that zona pellucida composes of three layers. Total thickness of zona pellucida varies from 10 to 31 µm (normally 15-20 µm) (Veeck., 1999) . Immature human oocytes have thicker zona pellucida (20.4±2.4 µm) than mature oocytes (19.5±2.2 µm) and day 3 embryos (15.2±2.8 µm; Pelletier et al., 2004) . Zona pellucida thickness influences sperm penetration. The highest fertilization rate of oocytes was when the thickness of the zona pellucida was less than 18.6 µm. The thick zona pellucida (22 µm and thicker) could be an indication for the use of intracytoplasmic sperm injection for infertile patients (Bertrand et al., 1995) . The thickness of zona pellucida had no influence on the embryo development after intracytoplasmic sperm injection (Gabrielsen et al., 2001 ). Only oocytes with drastic morphological alterations (broken or empty zona pellucida) were regarded as unsuitable for ICSI (Loutradis et al., 1999) .
First polar body
Morphology of the first polar body indicates the postovulatory age of the human oocyte. The degeneration and deviation of the the first polar body from the metaphase II spindle show oocyte aging (EichenlaubRitter et al., 1995; Miao et al., 2009 ). Some morphological criteria of first polar body such as the shape (round or ovoid), size (large or small), surface (smooth or rough) and integrity of cytoplasm (intact or fragmented) can be used to predict the oocyte quality (Fig. 3) (Ciotti et al., 2004; Ebner et al., 2000; Ebner et al., 2002) .
Human oocytes with fragmented first polar body developed worse (55.1%) after IVF than those with a normal polar body (60.3%) (Xia, 1997) . In contrast the rates of fertilization, cleavage and formation of good quality embryos were significantly lower when the oocytes with an enlarged first polar body were used for ICSI than those with an intact first polar body of normal size or a fragmented first polar body (Ebner et al. 2000; 2002; Navarro et al., 2009; . Therefore Ciotti and co-workers (2004) maintained that the morphology of first polar body before ICSI was not related to embryo quality and pregnancy rate. Clinical implantation and pregnancy rates were significantly correlated with the morphology of the first polar body 
Meiotic spindle
The Meiotic spindle has a significant influence on the correct chromosomal alignment in the oocyte and their segregation during meiosis. In fresh oocytes, the spindle displays a vertical orientation to the oolemma and each pole is associated with a ring of centrosome proteins (Miao et al., 2009 ). Parameters of meiotic spindle (location and refraction) are often used to determine the quality of oocytes.
Methods to detect and assess the meiotic spindle in the oocyte have been described (Wang and Keefe, 2002; Caamano et al., 2010; Coticchio et al., 2010b) which include:
 The use of microscopes with differential interface contrast (DIC) optics. Differential interface contrast allows the observation of the spindle with no need for fixation of the oocytes, but in most mammalian species, it is difficult to obtain a clear image.  Orcein and lacmoid staining. Both staining methods are commonly used to assess oocyte maturation from GV to metaphase II. In both the methods, oocyte fixation is required and therefore the oocyte is wasted due to these invasive natures of these two techniques that irreversibly damage the oocyte.  Fluorescence and confocal microscopy. Most of the knowledge about spindle structure is obtained from the analysis of fixed samples imaged by classical staining on serial sections, by immunocytochemistry or confocal microscopy after immunostaining of tubulin and chromatin.  Transmission electron microscopy.
Transmission electron microscopy provides a good assessment of spindle structure. However, oocyte fixation is required.
These methods have a detrimental effect on the oocyte. Therefore in the previous experiments of intracytoplasmic sperm injection, the angle of the needle was adjusted in relation to the position of the first polar body to prevent the injury of meiotic spindle and chromosomes. However, the location of the first polar body is not the derterminant indicator of the position of the metaphase spindle in (denuded) oocytes (Silva et al., 1999; Wang et al., 2001a; Cooke et al., 2003) .
The meiotic spindle can now be examined and its location determined without loss of oocytes. The birefringence of meiotic spindle can be studied by polarized light microscopy. The researchers estimated that the oocytes with visible spindles had statistically significantly higher fertilization and cleavage rates; and percentage of top quality embryos after IVF or ICSI, compared with those in which meiotic spindle was not observed (Wang et al., 2001a,b; Moon et al., 2003; Shen et al., 2006; Fang et al., 2007; Petersen et al., 2009; Caamano et al., 2010; Heindryckx et al., 2011; Korkmaz et al., 2011) . Moon et al. (2003) using the polscope noted that the location of the meiotic spindle could vary in oocytes (Fig.4) suggesting that the potential to damage the oocytes exist in "blind" intracytoplasmic sperm injections due to dislocation of the polar body during denuding of oocytes prior to ICSI. This, in particular, is due to the use of denuding pipets of inner diameters that are far too narrow. Such inappropriate use of denuding pipets of narrow diameters invariably also results in trauma to the oocyte.
The location of the meiotic spindle has a significant influence on the fertilization rate after ICSI. However, no relationship was found between the deviation of the meiotic spindle from the polar body within oocytes and oocyte developmental competence after IVF (Wang et al., 2001a; Moon et al., 2003; Rienzi et al., 2003) . The oocytes which had the meiotic spindle deviation angle >90 degrees (Fig. 4C, D, E) showed the lower rate of normal (2 pronuclei) formation and a higher rate of abnormal fertilization (1 pronucleus or >2 pronuclei) than oocytes with <90 degrees deviation angle ( Fig. 4A, B ; Wang et al., 2001b) .
Oocytes that were injected after polscope visualization of meiotic spindles showed higher fertilization rates when the spindle were located between 0° to 30° in relation to the location of the polar body (Fig. 4A) . Therefore moderate deviations in the location of the meiotic spindle did not appear to affect embryo quality (Korkmaz et al., 2011) . Anifandis et al. (2010) after performing ICSI "blind" without the use of a polscope observed significantly higher proportions of fertilized oocytes (79.2%) as compared to those at 6 o'clock (70.5%), 7 o'clock (64.4%), and 12 o'clock (68.8%). Furthermore a higher proportion of high quality embryos were obtained from oocytes injected with the polar body oriented at 11 o'clock that resulted in a higher clinical pregnancy rate of 28.7%. Based on these findings these workers suggested that ICSI be performed keeping the polar body at the 11 o'clock position.
In aged oocytes the spindle becomes elongated and/or smaller and few microtubular foci are detectable (Fig. 5) . Miao et al. (2009) and Kilani et al. (2010) suggested the optimal time for ICSI to be 39 to 40.5 hours post hCG injection. Battaglia et al. (1996) reported that the number of oocytes with spindle abnormalities (abnormal displacement of tubulin) increased with women's age (>40 years).
This abnormality determines displacement of one or more chromosomes from the metaphase plate during the second meiotic division contributing to the incidence of aneuploidy in blastomeres of affected embryos. It was suggested that the meiotic spindle in the oocytes of older women appears disrupted (Wang et al., 2001a) .
Therefore the precise analysis of oocyte morphology, in combination with spindle visualisation using the polscope, could be more informative, non-invasive and a reliable method of oocyte evaluation for predicting subsequent embryonic quality and developmental competence.
Oocyte grading
The quality of oocytes must be assessed objectively prior to insemination procedures and fertilisation of oocytes, because it has a significant influence on embryo development. The suitability of oocytes for fertilisation in vitro must be assessed precisely by its evaluation using the various methods in the preceding sections of this review such as the non-invasive assessment of the structure of the OCCC, oocyte cytoplasm, periviteline space, zona pellucida, polar body and meiotic spindle in a collective manner.
Based on these parameters of oocyte quality, some authors (De Sutter et al., 1996; Ebner et al., 2003; Triwitayakorn et al., 2003; Khalili et al., 2005; Yu et al., 2009) categorized the oocytes into 4 grades:  Grade 1 oocytes are round with a smooth first polar body, dispersed cytoplasmic granules and normal periviteline space (the widest space is equivalent to the diameter of the first polar body).
 Grade 2 oocytes have similar morphology except slightly centralized granules.
 Grade 3 oocytes are totally different from the first two groups. Although the oocyte morphology is round, the first polar body is inconspicuous, fragmented or degenerated, the granules extensively centralized, and importantly the widest part of the periviteline space is much smaller than the diameter of a normal first polar body. Sometimes there is no space, resembling meiosis I oocyte.
 Grade 4 oocytes have abnormal morphology, dispersed grains, and the widest part of the periviteline space is much bigger than the diameter of a normal smooth first polar body with the oocytes able to wander in the periviteline space; however, the morphology of the first polar body is similar to that in the third group (Fig. 6 ).
Conclusion
The assessment the morphological parameters of oocytes described herein that can be achieved using the light microscope, in combination with precise meiotic spindle visualisation using the polarized light microscope may result in the better fertilization rate and embryo quality after IVF and ICSI. oogenetic factors. Theriogenol. 1998; 49: 115-128 
